Monomethylarsonic acid (MMA) is an organoarsenical compound which, along with 27 dimethylarsinic acid (DMA), poses health and environmental concerns. Little is known about the 28 surface chemistry of MMA at the molecular level with materials relevant to geochemical 29 environments and industrial sectors. We report herein structure of MMA surface complexes and 30 the adsorption/desorption kinetics of MMA to/from hematite as a model for reactive iron-31 containing materials commonly found in geosorbents and arsenic removal technologies. 32
Attenuated total internal reflectance Fourier transform infrared (ATR-FTIR) spectroscopy was 33
used to study the surface interactions at the molecular level. Spectra of adsorbed MMA were 34 collected as a function of time and aqueous phase concentration. Values for the apparent rates of 35 adsorption and desorption were extracted from experimental data at pH 7 as a function of 36 spectral components during the initial times of surface interactions (0-5 min). Results show that 37 MMA adsorbs on hematite nanoparticles with rates 1.3 to 1.6 times slower than arsenate. The 38 desorption of MMA(ads) by hydrogen phosphate from hematite surfaces is 2x faster than 39 arsenate, and proceeds with an overall non-unity order suggesting the existence of more than one 40 type of surface complex at equilibrium. Also, hydrogen phosphate leads to the desorption of 41 about 67% of MMA(ads) compared to 26% of surface arsenate. Adsorption kinetics for aqueous 42 hydrogen phosphate was also investigated in the absence and presence of surface arsenic, and 43 follows this order: Fresh hematite > MMA/hematite ≥ iAs(V)/hematite. From this study, it can 44 be inferred that on average, the presence of the methyl group in MMA results in weaker surface 45 interactions with hematite relative to arsenate under neutral pH due to the simultaneous 46 formation of mono-and bidentate MMA complexes compared to predominantly bidentate 47 complexes for arsenate. 48 D r a f t D r a f t
Introduction 52
For the last few decades, the presence of arsenic mainly in ground water has received 53 much attention as a public health problem in many parts of the world.
1-2 The toxicity of arsenic 54 compounds depends on the oxidation state of arsenicals, their speciation, concentration in the 55 aqueous phase and bioavailability. [3] [4] [5] Because of their varying toxicity and potential cycling 56 between different species, it is essential to know the fate of arsenicals in the environment. In 57 natural waters, inorganic arsenic (iAs) species in the form of arsenate and arsenite are dominant, 58 but the presence of methylated organoarsenicals cannot be ignored. The worldwide use of 59 alkylarsenicals started in agriculture to replace the more toxic inorganic arsenic after World War 60 II where monomethylarsonic acid (MMA) and dimethylarsinic acid (DMA) and their sodium 61 salts were the most common ingredients used in pesticides and herbicides.
2 Around 1500 metric 62 tons of monosodium methylarsonate (MSMA) were applied annually to US roadsides as 63 herbicides. Their application started increasing over time and reached ∼2700 metric tons for 64 cotton fields alone in the US in 1990. Considering the potential effect of arsenic and with the 65 availability of arsenic free pesticides, USA banned all the products containing methyalated 66 arsenicals from further registration in 2006.
2 As of 2011, MSMA in the USA has been used only 67 on cotton fields located away from drinking water sources.
2
In Canada, the use of alkyl 68 arsenicals such as MSMA started in 1980 to prevent the devastation of forests in British 69
Columbia (BC) from the attack of the mountain pine beetle. Considering the potentially harmful 70 effects, organoarsenicals including MSMA have been banned in Canada. Beside these, 71 methylated forms of arsenic were reported in the leachates from arsenic rich landfills and 72 biologically pretreated municipal solid waste. [6] [7] Biomethylation is a common route through 73 which inorganic arsenic can be methylated by intracellular metabolism in various organisms 74 D r a f t 5 living in the soil and sediments, and they include algae, bacteria and fungi. This leads to the 75 production of a variety of methylated arsenicals such as MMA, DMA and trimethylarsine (TMA) 76 as explained by the Challenger mechanism.
2 Another pathway has been proposed for the 77 biomethylation of inorganic arsenic where arsenite species persist during methylation and their 78 oxidation to arsenate takes place after methylation. 8 
79
When arsenic is released into the environment, it interacts with various environmental 80 surfaces. Major sinks of arsenic in aquatic environments are iron-rich sediments, though 81 adsorption on Mn and Al-oxides has also been reported. 9 Like inorganic arsenicals, surface 82 interactions of MMA and DMA with iron oxides are greatly influenced by pH. [10] [11] [12] Competitive 83 adsorption of methylated arsenicals with other inorganic arsenicals on aluminum oxide surfaces 84 follows the order: iAs(V)>DMA=MMA>iAs(III) at pH<6, but at or above pH 6, it follows a 85 different trend; iAs(V)>iAs(III)>DMA=MMA.
13 Almost similar adsorption patterns have been 86 observed for these arsenicals on iron oxide surfaces.
14 The nature of the surface complexes 87 formed by MMA and DMA varies depending on which surfaces they interact with. On 88 amorphous aluminum oxides (AAO), both MMA and DMA have been reported to form bidentate 89 binuclear complexes when studied by Fourier transform infrared (FTIR) spectroscopy and 90 extended x-ray absorption fine structure (EXAFS) techniques. 15 The same mechanism was put 91 forward for the binding of MMA and DMA when the study was conducted with goethite using 92
EXAFS.
16 On nanocrystalline TiO 2 , it was found that MMA and DMA form bidentate and 93 monodentate surface complexes, respectively.
17

94
We previously demonstrated the usefulness of using attenuated total internal reflectance 95 (ATR-FTIR) spectroscopic technique for the extraction of structural and thermodynamic and 96 kinetic parameters for the adsorption and desorption of arsenate and organoarsrenicals MMA, 97 D r a f t 6 DMA and p-arsanilic acid (pASA). 12, [18] [19] In contrast to batch and EXAFS experiments, our 98 studies were conducted in flow mode where thermodynamic and kinetic data were collected at 99 equilibrium with the aqueous phase and over the initial times of surface interactions, respectively. 100
These adsorption kinetic measurements were followed by desorption using hydrogen phosphate 101 as a desorbing agent. [19] [20] Phosphate is a component of biological waste and agricultural fertilizer 102 which can mobilize surface arsenic present in the system. It is also structurally similar to 103 arsenate which may undergo competitive adsorption with arsenicals for the same active binding 104 sites on geosorbents (Fe/Al/Mn-oxides) that are present in aquatic systems.
9 To help explain 105 field studies, we carried out a number of laboratory experiments to investigate the role of 106 phosphate in the release mechanism of arsenicals at the hematite/water interface. [19] [20] The main 107
conclusions from these studies are that organoarsenicals form simultaneously inner-and outer-108 sphere complexes, and that increasing the number of organic substituents increases the number 109 of weakly bonded complexes. 110
The objective of this paper is to investigate the adsorption and desorption kinetics of 111 MMA on hematite nanoparticles using ATR-FTIR for comparison with arsenate. We recently 112 reported the thermodynamics of MMA adsorption and compared its behavior with arsenate and 113
DMA.
12 MMA is a monosubstituted organoarsenical with a methyl group, and hence its surface 114 interactions are going to be distinct relative to DMA (with two methyl groups) or pAsA with an 115 aromatic substituent. Calorimetric measurements of heats of adsorption were found to be 116 exothermic, with arsenate releasing 1.6−1.9 times more heat than methylated arsenicals. Prior to 117 this study reported herein, there has been no systematic investigation of the adsorption and 118 desorption kinetics of MMA relative to arsenate and DMA. hour and the slurry obtained was deposited on a dry ZnSe ATR crystal. The deposited film was 147 allowed to dry for 10-12 hours in air at room temperature (23 °C) under an Al-foil tent on the lab 148 bench. The film was then ready for use for the adsorption/desorption kinetic experiments. The 149 thickness of the dry film was estimated to be ∼5×10 −4 cm, which is larger than the effective 150 penetration depth of the evanescent wave (∼2×10 −4 cm/reflection at 840 and 880 cm -1 and 151
1.5×10
−4 cm/reflection at 1003 cm -1 using the same method described in reference 21 ). The 152 solutions were flowed at a rate of 1 or 2 mL/min across the ATR flow cell using Tygon tubes 153 (0.8 mm I.D., Masterflex) and a compact pump (Masterflex L/S). While this flow rate is 154 relatively high relative to observed environmental flow rates, it ensures minimum contribution 155 from diffusion processes to the observed adsorption and desorption rates. Single beam ATR-156 FTIR spectra were collected at 8 cm -1 resolution throughout the experiments. The ATR-FTIR 157 measurement of each adsorption/desorption experiment was repeated 2-4 times to ensure 158 reproducibility. For a given aqueous phase concentration, absorbance of the most intense bands 159 is within experimental error (± 5%) and band locations are ± 2 cm -1 . 160 161
Adsorption and Desorption Kinetic Experiments. At the beginning of every adsorption 162
experiment, background solution adjusted to 0.01 M ionic strength and pH 7 was flowed first for 163 90 minutes over the film to record background spectra with 100 averaged scans. Then, arsenic 164 solutions of known concentrations at pH 7 were flowed across the same film. This pH was 165 chosen because soil solution pH of field samples range from 5-8 due to the buffering effect of 166 D r a f t 9 CO 2 /carbonic acid and amphoteric properties of metal oxides. So, pH 7 represents circumneutral 167 conditions for surface interactions. Similar studies under slightly acidic and alkanine coniditions 168 are ongoing in our lab. Collection of adsorption spectra started as the solution entered the ATR 169 flow cell and spectral averaging was 5 scans for up to 30 min. Collection of adsorption spectra 170 was automated using a custom-written macro in OMNIC. The collection acquisition times were 171 calculated from the time saved by the computer in the file names. For collecting 5 and 100 172 averaged scans, the collection times were 6 and 50 s, respectively. Each single beam spectrum 173 was referenced to the last one recorded for the background solution to obtain the absorbance 174 spectra reported herein. The pH of the incoming solution and the effluent was monitored over 175 the course of the experiment and found to change slightly (within 0.5 units). 176
Aqueous hydrogen phosphate (HPO 4 2-) at pH 7 was used as a desorbing agent for the 177 desorption part of the experiments. Collection of desorption spectra started once the solution of 178 the desorbing agent entered the ATR flow containing the same hematite film previously exposed 179 to arsenic solution (0.50 mM) for 30 min. For the desorption experiments, flow rate was also 180 maintained at 2 mL/min. Single beam ATR spectra were collected and reprocessed against the 181 last spectrum collected for the background solution for obtaining the absorbance spectra as 182 described in the adsorption part above. Since desorption of surface arsenicals would occur 183 concurrently with the adsorption of phosphate species, control experiments were carried out for 184 the adsorption of aqueous hydrogen phosphate on freshly prepared films at pH 7. 185 were used to generate kinetic curves (i.e., absorbance at a given % v versus time) (Fig. 1b) . To 206 extract adsorption kinetics from ATR absorbances assigned to surface species, a relatively 207 accurate peak analysis method is required to estimate surface coverage from spectral data. 208
Spectra collected as a function of time were used to generate kinetic curves by plotting the time 209 dependence of the baseline-corrected ATR absorbance [i.e., peak height at a given wavenumber, 210 D r a f t A(ṽ)] of spectral features assigned to surface complexes. The advantages of considering peak 211 heights instead of integrated peak areas for the construction of kinetic curves has been addressed 212 in our previous papers.
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For the extraction of observed rate of adsorption from the experimental data, we used the 214 simple first-order Langmuir adsorption kinetic model, eq.(2), derived for the reaction shown in 215 eq. (1): 216
(1) 217
where θ(t)is the relative surface coverage at a given wavenumber and can be expressed in terms 219 Fig. 1b show that equilibrium is established after ∼15 min of 224 adsorption under our experimental conditions. For the extraction of apparent rates of adsorption 225 from these kinetic curves, the experimental data were linearized and are plotted in Fig. 1c as  226 function of adsorption time. The linear form of this equation is: ln(1-A( )/b')= -r obs ·t. where r obs 227 equals the slope of the linear least-squares fit (Fig. 1c) . Our objective is to extract rates of 228 adsorption from the experimental data within the first 1-3 min of surface interactions (i.e, data in 229 the exponential rise part of the kinetic curve). The start and end points for the linear least-squares 230 regression analysis were chosen at time zero and the time at which the initial data deviates from 231 linearity, respectively, determined from visual inspection of the data. The simplified form of the 232
Langmuir adsorption model predicts a linear relationship between r obs and [As(aq)] in aqueous 233
phase. Fig. 1d shows the dependency of r obs on [MMA(aq)] as a function of spectral components 234 at 840 and 793 cm -1 . It is evident that results from analyzing both spectral components give 235 almost the same trend suggesting that they arise from the same type of surface complexes during 236 the initial time of adsorption. 237
For comparison, similar kinetic analysis was done for arsenate adsorption on the same 238 hematite nanoparticles from spectra shown in Fig. S1 . Based on earlier IR studies on a number 239 of metal (oxyhydr)oxides that include hematite, 22-27 the feature at 875 cm -1 is assigned to 240
) with a bond order of 1.5 due to resonance, or v(As-O) weakly H-bonded 241 to neighboring -FeOH sites. The feature at 795 cm -1 is assigned to v(As-OFe) from the 242 formation of a mixture of mono-and bidentate inner-sphere. Protonated complexes containing 243
As-OH bonds give rise to v(As-OH) below 780 cm -1 .
22
Outer-sphere complexes would 244 contribute to features above 850 cm -1 , and hence, their existence cannot be excluded. Observed 245 rates of adsorption were also extracted from the spectral data in the same fashion as MMA, from 246 which values of k ads and k des were obtained as listed in Table 1 . 247
Values of k ads in Table 1 where less hydroxyl groups on methylated arsenicals results in lower probability for the 259 formation of the most thermodynamically favorable molecular orientation on the surface. Hence, 260 our results reported herein suggest that during initial times of surface interactions, MMA forms a 261 mixture of mono-and bidentate complexes simultaneously, which also impacts its desorption 262 behavior as detailed in the next section. 263
The y-intercept values in Table 1 represent k des , which is a consequence of assuming 264 equilibrium for reaction (1) based on the Langmuir model. These values are little higher for 265 MMA(ads) than iAs(ads) suggesting more weakly bonded surface species of MMA(ads) than 266 iAs(ads) that could exist in equilibrium with the bulk phase under our experimental conditions. 267
However, since the formation of inner-sphere complexes is likely a one way reaction, and 268 because our kinetic analysis was done for the initial times of the adsorption process, equilibrium 269 is highly unlikely. So, in order to address these issues, desorption experiments were conducted to 270 extract realistic values of k des , with minimum assumptions from desorption processes through 271 flowing hydrogen phosphate as a desorption agent. 272 273
Desorption kinetics of MMA(ads). In this section, aqueous hydrogen phosphate with 274
concentrations ranging from 0.1 to 2 mM at pH 7 were used to study the desorption kinetics of 275 MMA(ads) and iAs(ads) from hematite nanoparticles. Representative desorption spectra for 276 MMA(ads) are shown in Fig. 2 . Similar spectra for the desorption of arsenate from the hematite 277 surface are shown in Fig. S2 . Before each desorption experiment, the hematite surface was 278 D r a f t 14 exposed to 0.5 mM MMA(aq) or iAs(V)(aq) solution for 30 min. Within this time, no significant 279 change in the absorbance of spectral features assigned to MMA(ads) or iAs(ads) was observed 280 (bottom spectrum in Fig. 2 and S2 ). The assignment of spectral features to surface arsenic was 281 provided in the previous section. The upper sets of spectra in Fig. 2 and S2 were collected during 282 the first 10 min of flowing the hydrogen phosphate solution. The spectral features arising at 283 1097 and 1003 cm -1 , and the low absorbance band at 1045 cm -1 were assigned to surface 284 phosphate, PO 4 (ads) (vide infra). We also observed similar features for the adsorption of 285 hydrogen phosphate on hematite in the presence and absence of other surface arsenicals with and 286 without organic substituents.
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Kinetics of the exchange process between hydrogen phosphate and surface arsenicals can 288 be examined from trends in k des of adsorbed species. Upon flowing the hydrogen phosphate 289 solution, a reduction in the overall absorbance of the spectral components assigned to MMA(ads) 290 and iAs(ads) was observed ( Fig. 2 and S2 ). Kinetic curves for the desorption of MMA(ads) and 291 iAs(ads) were constructed by measuring the peak heights of features in the spectral range 700-292 950 cm -1 assigned to surface species as a function of desorption time. As stated above in the 293 Experimental and 3.1 sections, the data analysis procedure for extracting peak heights and the 294 fact that experiments were repeated 2-4 times ensure the reliability of the results. The resultant 295 kinetic curves are shown in Fig. 3a and 3b . As mentioned in the experimental section, the 296 desorption of surface arsenicals were carried out for 30 min, but only first 10 min are shown to 297 see the effect of initial HPO 4 2− (aq) concentration on the initial desorption rate. Over that time 298 frame, the amount of MMA(ads) was reduced ~ 67% compared to ~27% for iAs(ads). In light of 299 the discussion in section 3.1 about the type and relative number of surface complexes that each 300 arsenical form, this result confirms the existence of more weakly bonded MMA(ads) relative to 301 D r a f t iAs(ads). It also suggests that the residual spectral components at 793 and 840 cm -1 after 10 min 302 desorption in Fig. 2 Table 2 . 314
From the values of k des (Table 2) , it is clear that MMA(ads) desorbs 2x faster than 315 iAs(ads). Furthermore, the order of desorption is similar for MMA(ads) (one methyl 316 substituents) and iAs(ads) (no organic substituents). The non-unity order of desorption describes 317 the complex desorption behavior for both arsenicals by this desorbing agent. Similar analysis 318 was done earlier for monosubstituted aromatic organoarsenicals pAsA and phenylarsonic acid 319 (PhAs). 19 The order of reaction, n, is a parameter that reflects the dependency of the measured 320 rate on the concentration of a reactant. 29 For elementary reactions, n is usually an integer 321 number. However, for overall reaction equations where elementary steps are not easily isolated, 322 like in the this study, n represents an 'overall' order an can take fractional values. One can use 323 the values of n and k des in unit of min -1 mM -n to calculate the value of k des for a given phosphate for the same surface sites as MMA, particularly monodenetate complexes, leaving behind 330 strongly bonded bidentate complexes evident by the residual peaks assigned to MMA(ads) in Fig.  331 2. The following section describes in detail the impact of surface arsenicals on the adsorption 332 kinetics of hydrogen phosphate. 333 334 3.3. Adsorption kinetics of hydrogen phosphate concurrent with arsenicals desorption. Fig.  335 2 and S2 show the increase in PO 4 (ads) on hematite surfaces with MMA(ads) and iAs(ads) 336 concurrent with the desorption of these arsenicals. The spectral range 1300-900 cm -1 contains 337 infrared absorbances due to the stretching vibrations (v) of the uncomplexed P-O, P=O, and P-338 OH, and P-O-Fe bonds in PO 4 (ads). We provided earlier 20 detailed literature summary on the 339 assignment of these peaks, which are characteristic of deprotonated bidentate and 340 monoprotonated monodentate surface phosphate complexes. Fig. 5 shows the kinetic curves 341 obtained from analyzing the 1003 cm -1 peak assigned to PO 4 (ads) on MMA/hematite surfaces. 342
We previously showed that the kinetic behavior of other spectral components of PO 4 (ads) is 343 similar on fresh hematite films and those with adsorbed arsenic, suggesting that they arise from 344 the same type of surface complexes. 
15%). 355
Combining these results with those in the previous section for MMA adsorption and 356 desorption, the data show from initial rates that -under neutral conditions: (1) MMA adsorbs on 357 hematite nanoparticles with rates lower by ~1.3-1.6x than arsenate, and (2) suggests that it forms relatively more strongly bonded inner-sphere complexes on hematite 372 nanoparticles than DMA. This comparison of the relative number of strongly-versus weakly-373 bonded complexes also explains the trend in the initial adsorption kinetics of phosphate, which is 374 ~1.4x and ~4x slower on iAs(V)/hematite than MMA-and DMA/hematite, respectively. This 375 conclusion from initial kinetic studies has recently been supported by temperature-dependent 376 isotherm measurements using ATR-FTIR and calorimetric measurements of the adsorption heats 377 after equilibrium was established. exchange mechanism were gleaned from analyzing the trend in phosphate adsorption kinetics in 384 the absence and presence of surface arsenic. The presence of one methyl group on arsenate 385 decreased the initial adsorption rate and increased the desorption rate. This effect on kinetics is 386 much less pronounced than DMA, which has two methyl groups on arsenate. The presence of 387 organoarsenicals on hematite surface also affected the initial rate of phosphate adsorption, which 388 occurred slower on MMA/hematite than DMA/hematite. When these results are combined with 389 the nature and relative number of surface complexes, it becomes clear that increasing organic 390 substituents increases the number of weakly bonded complexes. Also, our studies probe the 391 initial times of surface interactions, which are a more appropriate time frame for studying 392 adsorption and desorption processes relative to precipitation or dissolution. This is in 393 D r a f t comparison with the large number of papers that looked at how strong and how quickly arsenic 394 compounds interact with soil components over long time frames, hours to months. The outcome 395 of this research is significant to understanding the mechanistic details of the fate of arsenic 396 compounds in geochemical environments, from retention to mobilization, and the effect of 397 arsenic speciation on their surface chemistry with iron-containing materials. 
